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J. W. HILL AND J. C. BLISS 
Stanford Research Institute 
This report describes a computer-assisted teleoperator control system for making compara- 
tive performance evaluations. A local and remote control station, each with decision-making 
capability, communicate with each other through a simulated time delay. Supervisory control 
at three increasingly automatic levels is possible. The highest level of programmed control is 
facilitated through the ARM language which was developed to permit easily readable program 
manuscripts to be written and assembled into programs of motions by novice programmers. 
Experimental results show the advantage of this form of supervisory control with both direct 
and delayed (3 sec) manipulation tasks. In addition, two systems to measure and reproduce 
force distributions have been designed. One system reproduces contact on the external surfaces 
of the remote hand using 21 airjet simulators. Another system reproduces the shape of the con- 
tact between object and jaws using 288 piezoelectric (bimorph) stimulators. In the course of 
this work the Rancho Arm was upgraded through mechanical strengthening and the addition 
of a proportional control system. 
INTRODUCTION 
Evaluation of touch-sensing and feedback sys- 
tems for a mechanical hand require their use in a 
wide variety of tasks and control situations. 
Since tactile feedback does not interfere with 
manipulation as force feedback does in the time- 
delay situation, one of the variables in these 
evaluations should be the amount of time delay. 
Operations with a time delay, however, are so 
slow and tedious that manipulations without 
some form of supervisory control are not repre- 
sentative of the state of the art. To fulfillthese 
requirements for a flexible control system, a 
computer program was written that simulates 
different control conditions, time delays, and 
levels of supervisory control. The advantage of 
this simulation is the way parameters and control 
options can be included or modified through 
program (software) rather than equipment 
(hardware) changes. 
* For a more complete presentation refer to Bliss, Hill, 
and Wilbur (ref. 1) and Hill and Bliss (ref. 2). This 
investigation was conducted under NASA contract 
NAS2-5409. 
The arm-control program on our LINC-8 com- 
puter simulates both a local and a remote control 
station, each with decision-making capability. 
The two stations communicate with each other 
through a communications time delay that may 
range from milliseconds, seconds, even to min- 
utes. Supervisory control a t  three increasingly 
automatic levels is possible using this simulation. 
The first level is purely manual: the operator 
moves the arm using the control brace. The 
second level is automatic : the operator requests 
that remote sensors be tested or remote actions 
be carried out by typing a two-character instruc- 
tion. The third level is programmed control: the 
operator types in the name of a previously 
written program containing the list of instruc- 
tions he wishes to be carried out. This simulation 
is described under the heading Arm-Control 
System, and an example of a program to unscrew 
a nut from a bolt follows. An evaluation experi- 
ment comparing manual operation with program- 
assisted manual operation is also given. 
Touch feedback systems for both a manual 
and automatic operation are described in this 
report. One system consists of 21 force sensors 
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distributed on the outside surfaces of the me- 
chanical hand. These sensors are connected one- 
to-one with airjet tactile stimulators mounted 
over corresponding areas of the operator’s hand. 
The second system consists of two 6 x 2 4  arrays 
of sensors distributed on the faces of the tongs. 
These sensors are connected one-to-one with 
piezoelectric (bimorph) stimulator arrays posi- 
tioned on the fleshy pads of the operator’s index 
finger and thumb. These sensors and stimulators 
provide force distribution feedback instead of 
force feedback in the conventional sense; thus 
it is possible to use these touch-reproducing 
systems in the time-delay situation without 
interfering with manipulations as force feedback 
does. 
ARM-CONTROL SYSTEM 
A control system for carrying out tasks a t  a 
distant location with a mechanical arm consists 
of the following three basic elements: 
(1) A control station where the operator con- 
trols the motion of the arm by transmitting com- 
mands and by supervising the resulting action 
using various displays and feedback. 
(2) A remote-station that accepts the com- 
mands and uses them along with information 
from environment sensors to control the arm. 
(3) A communications link that limits infor- 
mation flow. The limitations may take the form 
of a time delay, a bandwidth limitation, a signal- 
to-noise ratio, maximum video frame rate, and 
so forth. 
There are obviously many combinations of 
design options for each of these three basic 
elements, depending on the task to be carried out. 
Hot-cell manipulations are usually carried out 
with simple control and remote stations. Fre- 
quently the remote arm is servoed directly to a 
joystick. This requires that the human operator 
interpret a TV display, access the situation, and 
provide manual inputs to carry out the appropri- 
ate action. The human operator supplies all the 
intelligence in this case. 
I n  communication systems with a time delay, 
such as those involved in exploration of the moon 
or the planets, direct control by a human opera- 
tor becomes a very slow and laborious process. 
To overcome this problem, both control stations 
and remote stations of varying complexity have 
been proposed. For example, the control station 
may include predictor displays, or the remote 
station may have computing power enabling 
it to utilize joint positions, force sensors, range 
finders, or TV cameras to aid the operator by 
carrying out semi-automatic or “supervisory” 
operation. Carrying this idea to  its logical con- 
clusion, artificial intelligence laboratories are 
studying computer stations capable of com- 
pletely automatic control. I n  this case the oper- 
ator communicates to the remote station only 
with sentence-like commands. 
Our goal is to design a control scheme that 
optimizes performance in carrying out remote 
tasks by combining the best attributes of man 
and computer. Therefore, man’s ability to inter- 
pret scenes, estimate distances, and project 
motion with a multicoordinate control brace, is 
combined with the computer’s ability to save 
and accurately duplicate arm positions, remem- 
ber sequences of motions, carry out tests based 
on arm position, and interpret touch sensors. 
Background material on such supervision control 
is given by Johnson and Corliss (ref. 3, pp. 
69-74), and Corliss and Johnson (ref. 4, pp. 
In  general, man interprets and directs overall 
or organizational aspects of a task and the 
computer-directed arm attends to detailed as- 
pects. The following hypothetical example of 
picking up a block illustrates this point. First, the 
operator recognizes the block in the picture trans- 
mitted by a TV monitor. He directs the arm to 
its position using a control brace. Control is then 
transferred to a computer subroutine which, 
utilizing feedback from the touch sensors, directs 
the hand to grasp the block and center it in the 
jaws. Next, as the operator directs the arm to go 
to a previously stored position, another sub- 
routine adjusts the jaw pressure so that the block 
will not be dropped. 
In  order to study manual control supple- 
mented by such semi-automatic operations in a 
time-delay environment, we programmed a small 
computer (LINC-8 with 4K memory) to simu- 
late the entire control system shown in figure 1. 
The program actually has separate subroutines 
for the control station and the remote station 
that interact with each other only through a 
subroutine that simulates the time delay. Real- 
time interactions between the two control sta- 
1 17-1 24). 
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FIGURE 1 .-Block diagram of the simulated 
man-machine control system. 
tions are maintained by dividing time into 
1/60-sec intervals. During each interval the 
inputs (if any) to the control station are serviced 
and a new command is formed for insertion into 
the delay line. Next, the command is inserted 
into the front of the delay line and the delayed 
command removed from the end. Finally, the 
delayed command is used by the remote-station 
subroutine to calculate new servo-rate outputs 
and to sample sensors or joint angles. Thus, the 
LINC-8 is programmed to share time between 
the two stations. Sampling and storing manual 
input signals at 60 Hz is adequate to preserve 
human accuracy and smoothness of motion. 
Control Station 
The arm-control station as it currently stands 
is shown schematically in the left half of figure 1. 
It consists of several manual inputs, several 
visual and tactile displays, and a computer pro- 
gram to permit the operator to select and transfer 
among inputs, displays, and programs of motion 
to accomplish a given task. 
Manual inputs.-The manual inputs are illus- 
trated in figure 2. The Rancho anthropomorphic 
control brace measures the joint angles of the 
operator's arm with a set of seven potentiom- 
eters. These joint angles can also be controlled 
with the individual potentiometers mounted on a 
panel. Manipulations in tasks requiring either a 
long time to complete or precise positioningare 
generally best carried out with knob control. 
Control can also be entered directly from a tele- 
type using the format 
#6+45 
FIGURE 2.-Arm control station. (From left to right are 
(1) the master brace with single 4 X12 tactile display 
on index finger, (2) computer-driven display with 
sensing pad information, (3) TV view of hand grasping 
block, (4) operator adjusting vernier potentiometer on 
computer panel, and (5) teletype terminal. 
where # and +- are prompts from the teletype, 
6 is the joint number, and 45 is the joint angle 
in degrees. Teletype control has been used largely 
for testing and debugging manipulation pro- 
grams. A desirable control input would be a 
miniature (scaled down) control brace light 
enough to maintain the position it is put in 
and small enough to be manipulated with the 
operator's fingers. 
Sensory feedback.-Primary visual feedback 
is supplied by a broadcast-quality, closed-circuit 
television system. I n  addition, a computer-driven 
scope display presents the state of some of the 
touch-sensor information. One version of this 
display is shown in figure 3. Here information 
from three preliminary touch sensors and 
two simulated jaw sensors are presented in 
perspective. 
Tactile feedback from the arm to the operator 
is provided by a set of touch sensors on the hand. 
The touch sensors fall into two groups: a pair of 
touch-sensing pads on the gripping surface of the 
manipulator tongs, and a number of individual 
force sensors covering the outer surface of the 
tongs and wrist. Since these sensors and the 
anthropomorphic tactile stimulators represent a 
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FIGURE 3.-Gripping and touching situations and corre- 
sponding displays on the computer scope. (The display 
program uses simulated data since the sensor multi- 
plexer has not yet been constructed.) 
major part of this project they are separately 
described later. 
Control-station operation.-The control-sta- 
tion program is organized to  provide three 
increasingly automatic levels of control. This 
control structure is described in the command 
tree shown in figure 4. By moving from branch 
to branch, typing single letters or numbers, the 
operator selects manual or program control to 
carry out the desired task. 
Direct manual control is achieved by typing 
either K (for knobs), B (for brace), or T (for 
teletype), followed by either A (for absolute), or 
R (for relative). Absolute control causes joint 
positions to be read directly from these devices 
and to be transmitted to the remote station. 
Relative control specifies that joint commands 
from the control source take up where the previ- 
ous joint commands left off. Thus, after a trans- 
fer from brace to knobs (or vice versa), the new 
control source picks up where the old one left 
off, and there is no transient motion artifact. 
Decision-response control achieved by typing 
D permits two character instructions to be trans- 
mitted to the remote-control station. The fist 
character of the pair selects a remote test to be 
carried out and the second selects a remote action 
to be carried out if the test is passed. For exam- 
ple, test T is "thumb sensor elosed," and action 0 
is "open jaws." Therefore, the instruction that 
appears as the sequence ''(T,O)'' means "if 
thumb sensor closed then open jaws." The in- 
struction "( ,O)" requires no tests and causes 
the jaws to open. All of the six tests and all of the 
seventeen actions possible with the subroutines 
built into the remote computer are thus execut- 
able by typing in pairs of characters under 
decision-response control. Since any test can 
be used with any action, there are a total of 
6 X 17 = 102 possible instruction that may be 
transmitted using this mode. A detailed listing 
of the different tests and actions is given later in 
figure 8(a). 
Program control achieved by typing R and 
then the name of the desired program causes a 
program of tests and actions to be loaded into 
the remote computer's 256-word memory. Such 
programs are then run under decision-response 
control. Positions of objects are input to the 
program using the save of $ command in the 
form ('( ,20$)." This command causes the seven 
joint angles to the arm to be stored beginning a t  
location 20 in the program. When the operator 
is ready to enter the program, he types a go or G 
command as ((( ,100G)." This command causes 
further instructions to be taken from the list in 
the program starting a t  location 100. A usage 
example involving a program to unscrew a nut 
from a bolt is given later. 
Remote Station 
The remote station as it currently stands in the 
communication system is shown schematically 
in the right half of figure 1. It consists of a modi- 
fied Rancho Arm * with a number of specially 
* Model 8A, a 7-degree-of-freedom anthropomorphic 
manipulator manufactured by R. & D. Electronics, 
Downey, California. 
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built touch sensors, a TV camera, and a com- 
puter program with several subroutines for auto- 
matic operations. The physical layout is shown 
in figure 5. While the arm and its control system 
are described in the rest of this section, the touch 
sensors are separately described. 
Mechanical arm.-During this study, the 
Rancho Arm was upgraded to reduce the amount 
of play in the joints and to increase the range of 
motion. In  total, all joints but one have been 
refurnished to some degree, two members have 
been completely replaced, and two joints com- 
pletely rebuilt. These changes were deemed 
necessary, based on our previous experience with 
the arm, in order to carry out meaningful 
manipulation experiments with it. 
An initial study of the sources of play or loose- 
ness in the Rancho Arm revealed that poor design 
in the three worm-gear-driven joints was the 
major trouble. Replacing the bearings with com- 
mercial roller bearings and incorporating simple 
backlash adjusters greatly improved smoothness 
of performance. To lighten the arm, cable driv- 
ers for jaw closure and wrist prehension/exten- 
sion were lengthened in order to mount the 
motors on the main pedestal. To increase the 
range of hand motion, thus increasing the num- 
ber of meaningful tasks that could be carried out, 
wrist flexion/extension range was increased from 
90" to 180", and wrist rotation (supination/pro- 
nation) was increased from 90" to 360". To 
FIGUBE 5.-Remote station. (From left to right are (1) 
the computer interface containing proportional control 
amplifiers, sensor amplifiers, and power supplies; (2) 
the modified Rancho Arm; and (3) the TV camera. 
reduce the play between the tongs, the prehen- 
sion linkages were rebuilt, replacing the machine- 
screw bearings with tightly fitting pin bearings. 
Proportional arm controller.-Because of the 
many difficulties experienced with the original 
relay-operated bang-bang control system, a new 
proportional-control system was designed and 
built. This system has shown the following 
advantages over the original system: 
(1) The time for a given movement can be 
halved by driving the motors harder than the 
original system but still retaining stability. 
(2) Smaller movements are permissible. 
(3) The smooth acceleration and deceleration 
reduces the mechanical coupling between joints 
and the vibrations a t  the beginning and termina- 
tion of movements. 
(4) Proportional control allows computer pro- 
grams to govern rates of motion as well as 
position. 
The proportional power amplifiers use a pulse- 
width-modulation drive to keep the power dissi- 
pated in the drive transistors low and also limit 
the drive current to prevent the motors from 
burning out. Since torque is proportional to 
motor current, this current limiting also provides 
a linear and easily adjustable analog to a 
mechanical clutch. Stiction effects are reduced 
by incorporating a "negative" dead band or 
high-grain region into the amplifier's otherwise 
linear characteristic. Stiction was additionally 
reduced by lowering the modulation frequency 
to  the point where a slight vibration or mechan- 
ical dither is produced by the motors when the 
error signals are small. 
Structure of the remote station.-The block dia- 
gram of the remote station is given in figure 6. 
The delayed instruction (two computer words) 
and the delayed joint commands (seven com- 
puter words) from the control station are the 
only inputs. The auto-manual switch is under 
program control and can be either closed to 
accept mama1 inputs from the control station or 
opened to allow commands generated by pro- 
grams to  move the arm. Arm control is quite 
conventional, with actual joint positions sub- 
tracted from the command joint positions, and 
the difference multiplied by the joint gains and 
output to the servo-motors as angular rates. 
For program control, the following simulated 
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FIGURE 6.--Components of the remote station. 
features have been added to the remote station: 
(1) The counter, which is decreased by one 
count every 1/60 see. There is an instruction 
that sets the counter to any desired value and a 
test instruction that detects when it has reached 
zero. Time delays (or waits) in programs can be 
achieved by setting the counter to the desired 
value and waiting for it to become zero. 
(2) The 256-word memory, which can be 
loaded with a list of instructions by a single 
command from the remote-control station. 
(3) The program pointer, containing the ad- 
dress of (or pointing to) the next instruction to be 
executed. The address may be that of the delayed 
instruction register or may be any of the instruc- 
tions in the 256-word memory. There are instruc- 
tions that back up, skip, or specifically set the 
program pointer. 
With the use of these registers and the memory 
in combination with the registers in the control 
system and the sensor information, meaningful 
tasks can be carried out. 
Automatic Subroutines 
To experiment with semi-automatic operation 
of the arm, subroutines that execute simple, 
remote tests and actions have been built into 
the remote-control station’s computer program. 
These subroutines are the building blocks used 
by both single-instruction commands from the 
control teletype and multi-instruction algorithms 
executed by the remote computer. The test sub- 
routines are based on both the arm-joint posi- 
tions and the status of the touch sensors. The 
action subroutines change the contents of one of 
the arm-control registers to produce a desired 
movement or rate of movement, or to tell the 
program where to obtain the next instruction 
under program control. 
A single instruction transmitted from the con- 
trol station requests that a specific test be exe- 
cuted and that a specific command be carried 
out if the test was passed. The first half of the 
instruction word is used to select one of 64 pos- 
sible tests by means of a look-up table. If the 
test is passed, the second half of the instruction 
is similarly used to select one of 64 possible 
actions. Even though only 6 tests and 17 actions 
have been implemented, a rich variety of opera- 
tions is already possible. An example of a singie 
instruction is as follows: 
If “fingertip Sensor closed” then “open jaws.” 
For the computer, this instruction is the octal 
number 5 157, where the “fingertip sensor closed” 
test is specified by 51 and the “open jaws” com- 
mand is specified by 57. A list of the tests and 
actions is given later in figure 8. 
One advantage of this system is the ability to 
converse with the arm in a language more natural 
than the machine language normally used to 
program small computers. Another main advan- 
tage in the time-delay situation is that the entire 
subroutines of machine-language instructions for 
the given test or action need not be transmitted 
to the remote computer. These subroutines are 
already built into the remote computer. Only a 
single instruction need be transmitted. 
These instructions also allow short sequences 
of operations to be sent from the control station 
at  one time instead of having to be sent one by 
one, waiting for a return message after each one. 
Thus the sequence of commands 
(1) If “fingertip sensor closed” 
(2) Then “stop arm” 
(3) And “open jaws” 
allows a particular job to be done with one cycle 
of transmissions through khe time delay that 
would ordinarily take three cycles. Additionally, 
with long time delays, this sequence of commands 
specifies a task that would require great caution 
if performed completely under manual control. 
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Just touching an object in such a time-delay 
situation is difficult without producing some 
overshoot that may knock the object away or 
without having to use a stop-and-wait strategy 
with successive motions of decreasing amplitude 
that may take a great deal of time. 
The set of tests and commands is also intended 
to be used in longer lists (actual programs of 
movement), each with perhaps 10 to 100 instruc- 
tions. These programs can provide such simple 
features as position memory or path memory, or 
can perform such complicated automatic tasks 
as unscrewing a nut from a bolt. A single com- 
mand specifying that successive commands be 
taken from a list of commands can be a very 
powerful and flexible method for producing com- 
puter-assisted manipulations. 
The structure of the remote-computer pro- 
gram executing these special instructions is given 
in figure 7. Combined with the short test and 
action subroutines and the control registers this 
subroutine is all that is required to implement 
the ARM language. The subroutine is entered 
every 1/60 sec after a new instruction and com- 
mand position become available from the delay 
line, but before the servo subroutine (computing 
errors from arm positions) is carried out. 
ALGORITHMIC LANGUAGE FOR 
REMOTE MANIPULATION (ARM) 
If requests for the automatic operations de- 
scribed in the preceeding section are taken from 
a list, the list can be considered a program of 
motions (an algorithm) to carry out a manipula- 
tion task. The effective utilization of such pro- 
grams, however, requires a means of writing 
them in an easy-to-use language and a means 
for assembling (or generating) a list of arm oper- 
ations from the statements in the language. 
Using a sufficiently powerful computer program, 
a list of such operations or instructions could be 
generated from any reasonable language. With a 
small computer system, care must be exercised 
when designing a programming language so that 
the assembly of programs is possible. Under this 
constraint, we simultaneously developed the sep- 
arate concepts of the ARM language, the assem- 
bler, the instruction set, and the procedure for 
carrying out instructions. 
t Enter 
A LOCATION IN 
ARM MEMORY 
SET PROGRAM 
POINTER TO 
ADDRESS DELAYED 
INSTRUCTION 
REGISTER 
Yes 
- 
s I 
LOOK UP LEFT HALF OF WORD ADDRESSED BY 
PROGRAM POINTER IN TEST TABLE AND 
DETERMINE WHICH TEST SUBROUTlNE TO EXECUTE I 
I 
7 I 
LOOK UP RIGHT HALF OF WORD ADDRESSED BY 
DETERMINE WHICH ACTION SUBROUTINE TO EXECUTE 
PROGRAM POINTER IN ACTION TABLE AND 
Other ACTION 
TABLE 
Action 
DELAYED 
INSTRUCTION 
INCREMENT 
PROGRAM 
POINTER BY ONE 
FIGURE ?’.-Flow chart of the remote station subroutine. 
(This subroutine carries out single instructions and 
programs of instructions. It can be seeu that if instruc- 
tions are being taken from a program in arm memory, 
an instruction sent from the control station will cause 
the program to be stopped and the instruction to be 
carried out.) 
ARM differs from the MHI or THI language 
developed by Ernst (ref. 5) and from MAN- 
TRAN reported by Sheridan (ref. 6), in that 
manual inputs from the operator can be used in 
addition to teletype inputs. Thus, the operator 
can move his control brace and request that the 
arm move to “this” position or move “this” 
joint “this” much. Each “this” in the preceding 
sentence is a manually specified quantity that is 
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difficult to verbalize, much less to quantify as a 
joint vector for typewriter input. ARM should 
not be considered an entity itself, but a means of 
carrying out automatically programmed motions 
within the scope of the teleoperator control sys- 
tem previously described. 
An example of a program (written in ARM), 
an algorithm to unscrew a nut from a bolt, is 
given in figure 8. The program honsists of the 
following three parts: 
(1) Definitions of the symbols for the assem- 
bler (fig. 8(a)) to use in converting names to 
instructions. 
(2) An algorithm for the task (fig. 8(b)), giving 
the order of individual motions and tests. 
(3) Labeled storage space for arm positions 
and gains used in various parts of the algorithm 
(fig. NC)). 
This entire manuscript is given to an assem- 
bler for conversion to a list of numbers (instruc- 
tions) for execution by the remote computer 
program.* In this case the compiling is quite 
* Note the meaning of some special symbols: 
/ A comment. 
-+ Assign a value to a name. 
; The line terminator. 
: A label. 
\BASIC D E F I N I T I B N S  F 0 R  THE ASSEMBLER 
\ D E F I N I T I B N S  0 F  THE TESTS 
T H W B - 6 4 0 0  \THUMB T I P  SEYSBR CBNTACT 
F I N G E R C 5 1 0 0  \ F I N G E R T I P  SENSBR CBNTACT 
B0TH-4L100 \BBTH THUMB 6 FINGER C l N T A C I  
WEBB- 6100 \WEBB O F  J A U  SENSBR CLINTACT 
D0NE-4400  \ALL J B I N T  ERR0R.S < I 7  
UAI 7-6500 \CLBCK N 0 T  YET = 0 
U X F I N I T I B N S  0F S I Y G L E  W0RD ACTIBNS 
S T B P - 6 3  \LBAD PRESENT P B S I T I B N  I N  CBMMAND VECTBR 
B P M - 5 1  \0PW J A U S  
C L B S E 4 3  \CLBSE J A U S  
AUTB-SO \TAKE P 0 S I T I B N  CBMMANDS FR0M PRBGRAM 
MANUAL- 62 \TAKE P a S I T I 0 N  CBMMANDS FRBM CBNTRBC STATIBN 
REPEAT- 42 \SUBTRACT 1 FR0M PRBGRAM CBUNTER 
S K I P- 5 3  \ADD 1 T0 PRBGRAM C0UNTER 
S K I P 2 - 2 2  \ADD 2 T 0  PRBGRAH CBMTER 
BELL-12  \RING TELETYPE B R L  
DDT-44 \ S T 0 P  PR0GRAM L LBAD DEBUGGING PACKAGE 
Q E F I N I T I 0 N S  0 F  TU0 W0RD ACTIBNS WITH PARAMETER I N  SECBND U0RD 
OB-47  \SET PR0GRAM CBMTER WITH PARAMETER 
CLBCK-67 \SET 60 HZ CLBCK CBUNTER WITH PARAM. 
\ O E F I N I T I 0 N S  B F  TU0 U0RD ACTIBNS UITM VffiTBR ADDRESS I N  SECBND USRD 
I N C R M W T - I 3  \ADD P B S I T l B N  UECTBR TB CBMMAND VECTBR 
D&CRUIENT-15 \SUBTRACT P0S. VECTBR FRBM CUD. VECTBR 
MBVE-55 \LBAD CHD. VECTBR FRBM PBS. VECT0R 
SAVE- 4 \ S T 0 R E  CMD. VECTBR I N  Pas. VECTBR 
GA1 Y S - l 7  \LBAD GAIY VECTaR FRaM GIVEN VECT0R 
S B M E  FILL-YBRDS, 0NLY T a  MAXE PRBGRAMS READ FASIEf7 
BY- 0 
IF-0 
THO-0  
SET.0 
I N - 0  
r0-n 
I., BI\SIC DEFINInONS OF THE TEST* AND ISTIWJ 
FIGURE 8.-Program to unscrew a nut from a bolt. (All 
of the numbers in this program are octal.) 
BEGIN 
AUTO \SUITCH TO PRBGRAU CONTROL 
CLOSE \MAKE SHURE JAYS CLOSE HARD 
LUOPl DECRMMT BY' HlllFTURN \LEFT I80 DE6REE YRIST ROTATION 
SET CLOCK; 140 
I F  WAIT THM REPEAT 
SAVE INS NUT 
SET GAINS; TESTGAIN \tkOUE TB TEST PBSlTION 
MBVE TO; TEST 
CLBSE 
SET UOCKJ e00 
IF WAIT THM REPEIIT 
SET GAINS; DOUEGAIN \IS NUT FREE9 
I F  DONE THM SKIP2  
GB TO; FINISH 
SET 0AINSI RETGAIN \RETUR11 T0 NUT 
MOUE TO; NUT 
SET CLBCK, 200 
I F  WAIT THW REPUIT 
SET GAINS; F U G A I N  \ B P M  JAUS 
0 P M  
SET CLBCKI 200 
I F  WAIT THEN REPEAT 
I N C R M M T  BYI HALFTURN \RIbHT 180 DEGREE YRlST ROTATION 
SET CLOCK1 140 
I F  YAIT T H M  REPEIIT 
CLBSE \CLOSE JAUS 
SET CLOCK; 200 
I F  UAIT T H M  REPEAT 
GB TO; LBOP 
CLBSE 
NOW TB FINAL 
SET CLOCK) 300 
I F  UAIT THEN REPEAT 
\SAUE POSITION 0 F  NUT 
FINISH: SET GAINS, FLLLGAIN \M0VE T0 FINAL PBSITION 
OPW \DRBP NUT 
SET CL0CKl PO0 
Ir UAIT THM REPEAT 
B R L  \RING BRLIALL DONE 
68 TO1 I000 \END PROGRAU 
Tl.lsUI.1Ib 
Ibl T"E ALOSRITI I I  
FIGURE 8.-Continued. 
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\ BEGINNING A T  SHBLDUl  AN0 M D I N G  4 T  TBNGS 
W F T U R N C  D l  O I  01 O i  -1601 0; 0 \RIGHT HALF TURN 
FINAL1 01 01 01 01 D i  01 0 \F INAL P B S I T I B N  
NUT: 0; DI 0; DJ 01 01 0 
TEST: 01 01 01 0; 01 01 0 \TEST P B S I T I B N  
TESIGAIMI 2 0 0 0 J  2000I BOO01 2000 \L0UER FBRCE 
\TUIPBRARY P B S I T I B N  
01 01 2000 
RETGAIN1 31771 31711 31111 3171 \RETURN GAIN 
0; 01 3111 
DBNEGAIN1 01 31111 01 37711 0; 01 0 \TEST TW J B I N T S  
F U L G A I N I  37711 31711 37111 3711 \ F l L L  GAIWS 
31771 31111 3777 
M D  
TI \ -1W.2sr  
,el THE STORAGE LDCIITIONS 
FIGURE 8.-Coneluded. 
straightforward : Values for the various symbols 
on each line are simply added together to form 
the instruction. This simple assembler, however, 
is quite powerful, as indicated by the easy-to- 
understand phrases of the algorithm shown in 
the program. 
The unscrewing program is designed to receive 
both typed commands entered from the control- 
station teletype and manual commands entered 
from the control brace or knobs. Thus, the pro- 
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gram of figure 8 is not completely self-explana- 
tory. For the unscrewing task the operator carries 
out the following operations : 
(1) Load the unscrewing program (a total of 
116 instructions) into the remote computer using 
the run command “R*UNSCREW.” 
(2) Sets up Absolute control by the Brace by 
typing “B : A  .” 
(3) Moves the arm to the final position where 
the nut is to be placed and stores the position 
vector in the “FINAL” storage area of the pro- 
gram under decision control using the command 
“( , 104$).” (The octal number 104 is the loca- 
tion of FINAL; hopefully a more refined version 
of the control-station program will allow name 
input). 
(4) Moves the arm to the test position located 
1 to 2 in. directly behind the nut and similarly 
saves the position vector in the “TEST” storage 
area using the command “( , 122$).” 
(5 )  Moves the arm to the nut and grasps it 
using the brace and then starts the program using 
the command “( , G).” 
Instructions taken from a list then direct the 
arm to unscrew the nut by half-turns, attempting 
to pull the nut to the test position after each half- 
turn is completed. If the test position is not 
reached, the arm knows that the nut is still at- 
tached and goes back for another half-turn. 
When the test position is reached, the arm 
moves to the final position, opens its jaws, and 
drops the nut into the container. 
- - 
AN EVALUATION OF A 
MANIPULATION TASK 
COMPUTER-ASSISTED 
To determine what advantage a program of 
motions would have in reducing the time required 
for a task, a task was designed around the un- 
screwing program previously described. The task 
was to unscrew a hex nut from a 16 mm (5/8-in.) 
machine bolt and drop it into a small 5-by-8 cm 
receptacle located approximately 40 cm away. 
The two different experimental conditions were 
as follows: 
(1) The communications time delay was either 
zero or 2.6 sec (the round-trip moon-time delay). 
(2) Control was either pure manual or com- 
puter-assisted manual. Using knob control for 
.all manual inputs and direct viewing, all four 
combinations of these two conditions were per- 
formed twice by one subject (JH). Knob instead 
of brace control was used because of the inability 
to hold the control brace sufficiently stationary 
for several minutes in the longer tasks and the 
inability of the human wrist to rotate through 
360” for efficient unscrewing. 
The computer-assisted manual-control condi- 
tions followed the modus operandi for running 
the unscrewing algorithm detailed in the preced- 
ing section: The “final” and “test” positions 
were found manually and entered into the pro- 
gram and then control was handed over to the 
computer algorithm, which finished the task. The 
program was changed only to allow the nut to be 
removed with full turns by doubling the wrist 
increment “Halfturn.” 
The manual removal of the nut followed a 
slightly different course. No test position was 
required in this case, so the task began by un- 
screwing the nut turn-by-turn for the first three 
of four revolutions. Since the nut would come off 
in five or six turns, the strategy changed a t  this 
point and an attempt was made to pull the nut 
off before releasing it. If it did not come off, the 
jaws were opened, the grasping position found 
again, and another revolution undertaken. When 
the nut came off , it was manually positioned over 
the receptacle and dropped. 
The results of these tests are given in figure 9. 
I n  both time-delay situations, manual-computer 
control was faster than manual control. The 
difference is greatest in the time-delay condition 
where a time reduction of greater than 5 to 1 was 
achieved by employing the computer-assisted 
operation. 
TOUCH-FEEDBACK SYSTEMS 
Two touch-feedback systems for the teleoper- 
ator control system have been constructed. Each 
system consists of a set of sensors mounted on 
the mechanical arm and a corresponding set of 
tactile stimulators mounted on the control brace. 
All of the sensors utilize conducting rubber that 
is deformed to complete an electrical circuit upon 
physical contact. Individual sensors activate 
corresponding stimulators in a binary fashion : a 
stimulator is either full on or full off. The follow- 
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HUMAN ARM 
MANUAL CONTROL I 
MANUALICOMPUTER CONTROL I NO DELAY 
MANUAL 
CONTROL 
3-SECOND 
DELAY 
MANUALICOMPUTER CONTROL I 
0 2 4 6 8 10 12 14 16 18 20 22 24 
TIME TO COMPLETE TASK - minutes 
FIauRE S.-Comparison between manual and computer- 
assisted manual control. (The time taken to perform 
the task directly with a human hand is shown only for 
comparison. Computer-assisted times are broken into 
two parts: the time required by the program which is 
the same in both delay conditions, and the time re- 
quired by the manual portion.) 
ing sections describe the construction of the 
sensors and the two touch feedback systems. 
Sensor Design 
Individual sensors for the hand and wrist areas 
of the manipulator must have the following 
properties, which are seldom found together in 
commercial microswitches : 
Respond to forces over a specified (often 
Respond to small forces over a range of 
0 Be small in size. 
large) area. 
directions. 
Prototype sensors having some of these char- 
acteristics have been developed to transduce 
mechanical forces to electrical signals. The sen- 
sors, shown in figure 10, all use conducting rubber 
in some form and have the ability to provide 
both discrete (binary) and continuous force 
information. Descriptions of these sensors follow : 
la1 lbl 
IC) (d) 
1 Conductmg rubher 
Metal 
Sponge Rubber 
. I .  . .F. r] Rubber 
FIGURE 10.--Pive types of sensor construction 
using conducting rubber. 
conducting rubber and the spacing between the 
rubber and metal rod. 
(2) The whisker sensor shown in figure 10(b) 
consists of thin conducting rubber strips pulled 
through holes in two-sided printed circuit boards. 
This sensor has high sensitivity because of the 
mechanical advantage of the whiskers and has a 
wide dynamic range (over 1000 to 1) if several 
parallel whiskers (10) are employed in the same 
sensor. 
(3) The surface sensor shown in figure 1O(c) 
consists of a conductive rubber sheet held by 
sponge rubber columns above a sheet of single- 
sided printed circuit board. If islands of copper 
foil are made by etching the circuit board, then 
the contact force can be localized to one or more 
islands. 
(4) The force-distribution sensor shown in 
(1) The omnidirectional force sensor shown in 
figure 10(a) consists of a bridge of conducting 
rubber cast into an insulating mounting block. 
Sensitivity depends on both the thickness of the 
figure 10(d) consists of a sheet of conducting 
rubber arched over an insulating board studded 
with microeyelets. The shape of the force pattern 
is measured by measuring the pattern of contact 
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resistance between the eyelets and the conducting 
rubber sheet. 
(5)  The force distribution sensor shown in 
figure lO(e) consists of rows of conducting rubber 
imbedded in insulating rubber above perpen- 
dicular rows of foil on an insulating board. 
Hand Contact-Sensing System 
The purpose of this system is to reproduce to 
the operator the contact between the mechanical 
hand and the object being touched or manipu- 
lated. This system consists of a number of con- 
ducting rubber sensors mounted on the outside 
surfaces of the mechanical hand, as shown in 
figure 11. The outside of the tongs is completely 
FIGUEE 11.-Construction of touch sensors. (Upper photo 
shows printed circuit board bonded to the tongs and 
wrist. Lower photo shows finished assembly with con- 
ducting rubber covers in place.) 
covered with these sensors, as are other extreme 
or protruding parts of the upper hand. The 
sensors are arranged so that any contact with the 
hand and a flat surface is sensed and that any 
contact with the tongs is sensed. The locations 
of these sensors on the remote hand are given in 
table 1. Each of the sensors is connected via 
TABLE 1.-Contact Sensors on  Mechanical Hand 
Type, 
Location Number fig.10 
Tips of tongs 
Top of tongs, distal 
Top of tongs, proximal 
Bottom of tongs, distal 
Bottom of tongs, proximal 
Back of tongs, distal 
Back of tongs, proximal 
Web of jaw 
Knuckles 
Top of wrist 
Bottom of wrist 
2 
2 
2 
2 
2 
2 
2 
1 
2 
2 
2 
b 
C 
C 
C 
C 
C 
C 
b 
d 
d 
C 
amplifying and gating circuits to an air-jet 
tactile stimulator. The air jets are positioned on 
the control brace to produce a touch sensation 
on a portion of the operator’s hand corresponding 
to the location of the sensor. Each jet produces 
an area of pulsating pressure on the skin approx- 
imately 3/16 in. in diameter. The arrangement 
of air-jet stimulators on the control brace is 
shown in figures 12 and 13. The construction of 
the air-jet stimulators is described by Bliss and 
Crane (ref. 7, appendix B). 
Jaw Shape-Sensing System 
The purpose of this system is to reproduce to 
the operator the shape and location of the object 
held in the remote jaws. Two sensing pads using 
the design shown in figure 10(d) are built into 
the tongs of the mechanical hand as shown in 
figure 11. Each of these two opposing pads con- 
sists of 144 individual contacts in a 6 x 2 4  rec- 
tangular pattern. Two corresponding 6 X 24 
rectangular arrays of bimorphs contacting the 
index finger and thumb are built into the control 
brace as shown in figure 12. 
The connections between the sensor and stimu- 
lator are one-to-one: If one contact is closed, the 
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FIGURE 12.-Tactile simulators on the hand controller. 
(The upper photograph shows the array of 6 X24 piezo- 
electric vibrators positioned under the thumb. The 
lower photo shows the same hand controller with seven 
air jets in place on each finger.) 
bimorph in the corresponding location vibrates. 
Bimorphis produce a vibration of the skin re- 
stricted to an area about 1 mm in diameter. Thus 
the pattern of contact closures is reproduced as a 
pattern of vibration enabling the operator to  feel 
on his own thumb and index finger the shape and 
location of the object held in the remote jaws. A 
complete description of nearly identical bimorph 
arrays used in shape recognition and reading 
experiments is given by Bliss (ref. 8) and Bliss, 
Katcher, Rogers, and Shepard (ref. 9). 
This shape-sensing system represents a con- 
siderable improvement over our previous jaw 
shape-sensing system (Bliss, Hill, and Wilber, 
ref. 1). The new sensors are exactly the size of 
FIGURE 13.-Overall view of the tactile stimulators on 
the control brace. (Air valves in the box on forearm 
individually activate air jets on the finger and thumb.) 
the jaws (10 by 50 mm) and are only about 3 mm 
thick, whereas the previous sensors were twice 
as wide and twice as thick. In spite of their 
clumsiness, the previous sensors were necessary 
to carry out obscured manipulations and they 
greatly reduced the occurrence of drops and 
fumbles in pickup and extraction tests. 
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